The reflection of waves from rough surfaces is a fundamental process that plays a role in diverse fields such as optics, acoustics, and seismology. While a quantitative understanding of the reflection process has long been established for many types of waves, the precise manner in which thermal phonons of specific wavelengths reflect from atomically rough surfaces remains unclear owing to limited control over terahertzfrequency phonon generation and detection. Knowledge of these processes is critical for many applications, however, and is particularly important for recent attempts to create novel materials by coherently interfering thermal phonons. Here, we report measurements of a key property for these efforts, the phononwavelength-dependent specularity parameter, which describes the probability of specular reflections of thermal phonons at a surface. Our experiments show evidence of specular surface reflections of terahertz thermal phonons in our samples around room temperature and indicate a sensitivity of these reflections to surface imperfections on the scale of just 2-3 atomic planes. Our work demonstrates a general route to probe the microscopic interactions of thermal phonons with surfaces that are typically inaccessible with traditional experiments.
I. INTRODUCTION
The manner in which waves reflect from rough surfaces is a fundamental problem that plays an important role in fields ranging from optics to acoustics [1] [2] [3] . The problem is equally important for thermal phonons of terahertz (THz) frequencies that carry heat in crystals [4] . Rough surfaces resist heat flow by disrupting the propagation of lattice waves along the transport direction, and in nanostructures this resistance can dominate over other sources of resistance [5] [6] [7] [8] . Whether phonons reflect specularly from a surface and, therefore, preserve their phase is also critical for coherent manipulation of heat, which is now a topic of intense interest [9] [10] [11] [12] .
Despite the importance of this process, the manner in which an incident thermal phonon reflects from a surface remains poorly understood. The outcome of a phonon reflection is mathematically described by the specularity parameter p λ , which is the probability of specular, phasepreserving reflections of a given phonon mode with wavelength λ from a surface. However, determining p λ for a given surface remains extremely challenging, either computationally or experimentally. Unlike for light, e.g., sources and detectors of THz phonons of specific vibrational modes are not readily available.
Efforts to determine the specularity parameter have proceeded by both theory and experiment over many decades. Ziman [13] originally derived a simple expression for the specularity parameter for a random rough surface as a function of the root-mean-square (rms) roughness amplitude of the surface η and the wavelength of the phonon λ under the assumption of an infinite correlation length and normal incidence of phonons on the surface as p Ziman λ ¼ exp ð−16π 2 η 2 =λ 2 Þ. More recently, Maznev [14] derived the specularity parameter for a rough surface with a finite Gaussian correlation length by solving the elastic wave equation for an isotropic medium and showed that Ziman's formula will likely overestimate the thermal resistance due to boundary scattering. Green's functions [15, 16] , molecular dynamics [17] , and wave-packet simulations [18, 19] have also been used to study the effect of surface roughness on phonon scattering at the boundaries of complex nanostructure geometries.
Experimentally, Pohl and co-workers originally investigated the nature of phonon reflections from surfaces over a temperature range of a few millikelvin to room temperature, observing qualitative evidence for partially specular scattering of phonons below 10 K [20, 21] . More recently, Gelda et al. [22] reported specular reflections of longitudinal phonons with frequencies less than 0.1 THz at room temperature in Si membranes and obtained good agreement with Ziman's specularity model. Heron et al. [23] also reported agreement with Ziman's theory for acoustic phonons by measuring the thermal conductance of Si nanowires around 1 K. On the other hand, Hertzberg et al. [24] reported that Ziman's theory underpredicts diffuse scattering of sub-THz phonons at the surfaces of Si nanosheets. Thus, the recent experimental literature is contradictory on the validity of Ziman's theory even for sub-THz acoustic phonons (λ ≳ 100 Å), and so it is unclear if Ziman's theory applies for thermal phonons with frequencies of a few THz (λ ≲ 100 Å).
A number of other recent works with varied experimental approaches measure thermal conductivities of thin films and nanowires and conclude that thermal phonons undergo predominantly diffuse surface reflections [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . Their conclusions remain tentative, however, because in many experiments the observable quantity, thermal conductivity, is averaged over the broad blackbody phonon spectrum, complicating efforts to resolve the specularity parameter as a function of the phonon wavelength for thermal phonons.
Some of these prior works use thickness-dependent thermal-conductivity measurements on thin films to partially alleviate this difficulty [25] [26] [27] [30] [31] [32] [33] [34] [35] [36] . While, in principle, thickness-dependent measurements could provide new spectral information on phonon surface reflections, extracting the specularity parameter quantitatively requires identical surface-roughness statistics for all thin films with varying thickness, which is not confirmed in these earlier works. Furthermore, apart from Ref. [31] , an ab initio baseline for the thermal conductivity in the specular and diffuse limits in the experimental configuration, which is crucial to extract the specularity parameter, was not available for prior works. These limitations also impede efforts to validate the models described earlier.
Thus, a firm theoretical or experimental determination of the manner in which thermal phonons reflect from a rough surface is lacking in the literature.
Here, we report an approach that overcomes these challenges, allowing us to obtain the first measurements of the specularity parameter versus phonon wavelength for thermal phonons on individual atomically rough silicon membranes. First, we partially eliminate the undesirable phonon spectral averaging in thermal measurements by observing quasiballistic thermal transport rather than heat diffusion only. Second, we extract the wavelengthdependent specularity parameter for each thin-film sample separately, thus eliminating the effects of sample-to-sample variation of surface-roughness statistics on the final result. Finally, we interpret our measurements using numerical solutions of the phonon Boltzmann transport equation with ab initio phonon properties as input, providing an accurate baseline for the specular and diffuse limits. We find evidence for specular reflections of thermal phonons even around room temperature for samples with wafer-scale roughness, while predominantly diffuse reflections are observed for samples exhibiting surface imperfections on the scale of just 2-3 atomic planes as determined from transmission electron microscopy. Our work demonstrates how microscopic information about the surface reflections of THz thermal phonons can be extracted from macroscopic thermal measurements by an interpretation of the experimental observables with an ab initio description of phonon transport.
II. THEORY
The problem we seek to solve is to extract the specularity parameter resolved over the thermal phonon spectrum from observables in a thermal-transport experiment. Generally, the specularity parameter could depend on the wave vector and polarization. However, typical thermal measurements occur over areas much larger than the coherence length of surface roughness, leading to an observable that obscures directional information. Even if the length scale of thermal measurements is reduced to the order of magnitude of the coherence length of surface roughness, the number of unknown parameters to be determined for the directiondependent specularity parameter vastly exceeds the number of constraints that could be obtained from the experimental observations. Therefore, in the following theory, we mathematically define the quantity to be extracted from experiments as the directionally averaged specularity parameter versus phonon wavelength.
Even with this reduction in the number of unknown parameters, extracting the spectrally resolved specularity parameter is difficult. In most thermal experiments, the observable consists of measurements of thermal conductivity of a sample in which surface reflections contribute to the thermal resistance. Recovering the wavelengthdependent specularity parameter from these data alone is a fundamentally ill-posed problem, because the observables are additionally averaged over the broad phonon spectrum.
Prior works show that this undesirable phonon spectral averaging can be partially eliminated by observing quasiballistic thermal transport rather than heat diffusion only [29, [37] [38] [39] [40] [41] [42] [43] [44] [45] . Intuitively, a lack of scattering over the heating length scale implies that the averaging process does not occur at least for some thermal phonons, yielding new spectral information about the phonon interactions. For concreteness, consider the transient-grating (TG) experiment we employ in this work [ Fig. 1(a) ], where a sinusoidal temperature profile is initially created in the in-plane direction of a sample by the interference of two laser pulses and the subsequent thermal decay is measured by a probe laser. The timescales in our TG experiment are on the order of nanoseconds or longer, and so the ultrafast relaxation processes of the electron-hole pairs and hot phonons are not observed; rather, the experiment measures the transient thermal decay associated with phonon transport. If the grating period is very long compared to the mean free paths (MFPs) of phonons within the sample, microscopic information about phonon surface reflections is obscured due to averaging by intrinsic phonon-phonon scattering. As the grating period is decreased, phonons with MFPs longer than the grating period transport heat ballistically and carry less heat compared to the prediction by Fourier's law of heat diffusion [46, 47] . This difference between the heat carried by phonons in the heat diffusion and ballistic conduction regimes provides new spectral information about the phonon interactions. Particularly in thin films, this quasiballistic heat-conduction regime gives new spectral information about phonon-boundary interactions if the intrinsic phonon-phonon scattering rates are known.
Mathematically, the observable in the TG experiment on a thin film, the time constant of the thermal decay, can be expressed as τ −1 ¼ κðqÞ=Cq 2 , where q ¼ 2π=δ is the grating wave vector corresponding to a grating period δ, C is the volumetric specific heat, and κðqÞ is the apparent thermal conductivity, given by [47] 
In Eq.
(1), d is the thickness of the membrane, Λ ζ is the mean free path, C ζ is the volumetric mode-specific heat, and v ζ is the group velocity of a phonon mode ζ ∼ ðk; jÞ denoting a particular phonon with wave vector k, polarization j, and wavelength λ ¼ 2π=jkj. In this theory, p λ is defined to be the directionally averaged, wavelengthdependent specularity parameter. A semianalytical expression for SðqΛ ζ ; Λ ζ =d; p λ Þ for the experimental geometry in this work has been derived previously in Ref. [47] , by solving the Boltzmann transport equation (BTE) for the transient decay of the initial sinusoidal temperature profile due to phonon transport. The apparent thermal conductivity is thus a functional of the unknown specularity parameter versus wavelength (p λ ). In our experiment, we vary the grating period, altering the suppression function SðqΛ ζ ; Λ ζ =d; p λ Þ, and the temperature, altering the phonon occupation, in effect filtering the phonon spectrum that contributes to heat transport and thereby generating constraints on the possible spectral dependence of the specularity parameter. The dispersion and intrinsic anharmonic lifetimes of thermal phonons in silicon are obtained from first-principles calculations [48] . Therefore, the unknown function, the specularity parameter versus phonon wavelength, can be extracted from measurements of κðq; TÞ by inverting Eq. (1).
Performing this extraction robustly requires certain inputs and experimental approaches. First, both temperaturedependent and grating period-dependent thermalconductivity measurements are required to sufficiently constrain the unknown p λ , as we show in Sec. III. Second, the data must be interpreted using exact FIG. 1. (a) Schematic of the TG experiment. Two pump laser pulses (green) are crossed at the sample to form a sinusoidal temperature grating. A probe laser beam (bright orange) diffracts from the temperature grating and measures its transient decay. To improve the signal-to-noise ratio, the diffracted probe (signal) beam is optically heterodyned with a reference local oscillator beam (dull orange) and directed to a photodetector. (b) Excited thermal phonons reflect from the rough membrane boundaries either specularly or diffusely, depending on their wavelength. numerical solutions of the BTE under the relaxation-time approximation that incorporate partially specular phonon reflections [47] with first-principles phonon properties as input. This distinction is important, since the FuchsSondheimer theory is not applicable for phonons with MFPs longer than the TG grating period, as shown in our earlier work [47] . Data on thin Si membranes and the corresponding interpretation reported previously are thus insufficient to extract p λ [29] .
We emphasize that our approach to obtain p λ does not require any knowledge of the surface roughness or details of the surface morphology. We assume no functional form for the dependence of p λ on the surface morphology of the thin film; thus, we require no information about it beforehand to extract p λ . However, such information can help interpret the measurements of p λ , and, in Sec. V, we provide structural characterization to aid in this interpretation.
III. EXPERIMENT
We implement the above-described strategy by measuring the thermal conductivity of freestanding silicon membranes using the TG technique from 80 to 400 K. The TG experimental setup [ Fig. 1(a) ] is similar to that described in Ref. [29] . Briefly, a pair of pump pulses, shown by green beams in Fig. 1(a) (wavelength, 532 nm; pulse width, approximately 1 ns; energy per pulse, approximately 2 μJ; repetition rate, 1 kHz), is focused on the sample to create a sinusoidal heating pattern that leads to a temperature grating. A continuous-wave probe laser, shown by the bright orange beam in Fig. 1(a) (wavelength, 514 nm; power, approximately 200 mW, chopped at 20% duty cycle to avoid steady heating of the sample), diffracts from the thermal grating, thereby monitoring the temporal decay of the grating on the sample. To improve the signal-to-noise ratio, the diffracted probe beam (not shown) is optically heterodyned with a reference beam (local oscillator; power, approximately 200 μW, chopped at 20% duty cycle), shown by the other orange beam in Fig. 1(a) ; the heterodyned beam is measured and recorded using a 1-GHz photodetector and a 2.5-GHz oscilloscope. The pump pulses produce a peak temperature rise of ≲5 K on the sample, while the weaker probe beam produces a temperature rise of ≲2 mK. Since the reference beam is strongly attenuated, the grating produced by the interference of the reference and signal beams is orders of magnitude weaker than that produced by the pump pulses.
We fabricate three suspended silicon membrane samples from silicon-on-insulator (SOI) wafers (MEMS Engineering and Materials Inc.) using wet etching techniques. We first spin-coat the SOI chip with a protective layer (ProTEK B3 from Brewer Science Inc.) and open a window on the bottom handle silicon layer by mechanically removing some of the protective ProTEK B3 material. Next, we dip the SOI chip in a potassium hydroxide (KOH) hot bath (50% concentration by weight at 70°C) until the etch window reaches the buried oxide (BOX) layer. Finally, we remove the ProTEK B3 layer by dipping the sample into a bath of ProTEK remover 100 (Brewer Science Inc.), use wet HF etch to remove the BOX layer, and release the remaining silicon device layer into a suspended freestanding single-crystal silicon membrane. We fabricate three membranes with thicknesses of 1145 (M1), 515 (M2), and 590 nm (M3) using this procedure.
IV. RESULTS
We perform TG experiments on the freestanding membranes from 80 to 400 K at several grating periods. Representative time traces of the sample response to the impulsive heating for membrane M1 are shown in Fig. 2(a) . We fit the time traces to a biexponential decay model to extract the apparent thermal conductivity of the membrane at different grating periods as described in Ref. [29] . 
with the calculated specular and diffuse limits for thermal conductivity for membrane M1 at 350 K. The measured grating-period-dependent thermal conductivity of this membrane lies close to the specular limit at 350 K, already indicating the occurrence of specular reflections of thermal phonons.
We begin analyzing the data at all temperatures and grating periods qualitatively by examining which functional forms of the specularity parameter are consistent with all of the data. Figure 3(a) shows three trial specularity parameter profiles versus the wavelength that have different functional dependencies on the phonon wavelength. Figures 3(b) and 3(c) show that only the monotonically increasing specularity profile, shown by the solid red curve in Fig. 3(a) , captures the experimentally observed grating period and temperature dependence of the thermal conductivity simultaneously, while the other two profiles produce different trends compared to experiments.
The specific increasing profile in Fig. 3(a) is not the only one that can explain the data due to experimental uncertainty and the inherent ill-posedness of the inverse problem. Therefore, we generate a quantitative credible interval for the specularity parameter using Bayesian inference. Bayesian inference is a statistical method of solving inverse problems that rigorously combines the prior expected features of the specularity parameter with information from experiments. In this technique, we treat Eq. (1) as a model relating the specularity parameter to the data and minimize the objective function ϵðp λ Þ ¼ P δ;T kκ expt − κ model ðp λ Þk for random perturbations of the specularity parameter (p λ ) from the solid red line in Fig. 3(a) . The sum runs over the grating periods δ and temperatures T used in the experiments. We choose a prior distribution function π p λ that favors smoothness of the random perturbation. To collect statistics for Bayesian inference, we draw several trial specularity parameters p t λ from the prior distribution function (π p t λ ) using a Metropolis Hastings Markov chain Monte Carlo (MHMCMC) method [49] . Finally, we invoke Bayes' theorem to compute the posterior probability distribution for each specularity parameter sample p t λ using the error ϵðp 
In this equation, N ½ϵðp t λ Þ; σ 2 I represents the normal distribution function for the difference between our measurements and the prediction from the BTE solution for a trial specularity parameter, p t λ , with an experimental error σ obtained from the measurements of the grating-perioddependent thermal conductivity in the TG experiment. The result of Bayesian inference is a posterior probability density ½π post ðp t λ jκ expt Þ, which is proportional to the product of the prior probability distribution π prior ðp t λ Þ and the extent to which p t λ explains our measurements, given by N ½ϵðp t λ Þ; σ 2 I. Intuitively, Eq. (2) states that a trial specularity profile p t λ has a higher posterior probability density if it is a smooth function of the phonon wavelength and if the BTE solution with p t λ matches well with the experimental data.
To start the Bayesian inference scheme, we choose an initial guess p 0 that best represents the experimental data points by trial and error. This process reduces the search space for possible specularity profiles that fit the measurements, thereby reducing the computational load. We evaluate Eq. (2) for more than 10 5 trial specularity profiles drawn from the prior distribution (π prior ) to obtain a converged posterior probability distribution [π post ðp λ Þ] for the phonon-wavelength-dependent specularity parameter p λ (see Supplemental Material, Sec. II [49] , for details on the MHMCMC algorithm and the convergence of the Bayesian inference calculations). Thus, we are able to invert Eq. (1) using Bayesian inference to extract the phonon-wavelength-dependent specularity parameter from TG measurements of temperature-dependent and gratingperiod-dependent thermal conductivity.
The measured thermal conductivities versus the grating period at various temperatures along with those predicted by the posterior distribution of the specularity profile for membrane M1 are given in Figs. 4(a)-4(d) . The resulting posterior probability density for the specularity parameter versus the phonon wavelength is shown in Fig. 4(e) . The gray region is an intensity plot of the posterior probability distribution for the specularity parameter, with the dashed lines indicating a 95% credible interval. The extracted profile of the specularity parameter indicates that phonons with wavelengths less than approximately 20 Å are nearly entirely diffusely reflected, while phonons with wavelengths longer than approximately 60 Å are reflected predominantly specularly, thus quantitatively demonstrating partially specular reflections of thermal phonons (λ ≲ 100 Å). The bounds for the specularity parameter in Fig. 4 (e) are tighter than could be extracted from the thickness-dependent thin-film thermal-conductivity measurements reported in the literature [25] [26] [27] [30] [31] [32] [33] [34] [35] [36] even after using ab initio bulk phonon properties in the solution of the BTE to interpret their data (see Supplemental Material, Sec. IV [49] , for details). A result similar to Fig. 4(e) is obtained on another sample with a thickness of 590 nm (see Supplemental Material, Sec. III [49] ).
An examination of Figs. 4(a)-4(d) reveals several trends that are predicted by the specularity parameter presented in Fig. 4(e) and indirectly highlight the importance of including measurements at both different temperatures and grating periods to extract p λ . First, observe that the apparent thermal conductivity in Figs. 4(a) and 4(b) is farther from the specular limit than at higher temperatures [ Figs. 4(c) and 4(d) ]. This result can be explained by the following argument. A phonon with a short intrinsic MFP, which is not affected by boundary reflections, has identical contributions to the specular and diffuse thermalconductivity limits in Figs. 4(d) . Therefore, the TG experiment cannot distinguish between specular and diffuse boundary reflections of that phonon and is not sensitive to its specularity parameter. At 400 K, almost all phonons with wavelengths shorter than approximately 30 Å have intrinsic MFPs shorter than a tenth of the thickness of membrane M1, so they rarely interact with the boundary. However, at 80 K, the intrinsic MFPs of these phonons become comparable to the membrane thickness and reflect from the membrane boundary. Thus, the TG experiment is most sensitive to the specularity parameter of phonons of wavelengths ≲30 Å only at low temperatures below around 100 K.
On the other hand, measurements at room temperature and above are required to resolve the specularity parameter of long-wavelength phonons (λ ≳ 30 Å), since their thermal conductivity contributions below 100 K are quasiballistically suppressed owing to their long intrinsic MFPs compared to the TG grating periods [37] . Thus, performing grating-period-dependent measurements at just one temperature, as in Ref. [29] , cannot provide enough sensitivity to constrain the specularity parameter versus the phonon wavelength.
The variation in sensitivity to different parts of the phonon spectrum is also evident in the thermal-conductivity measurements in Figs. 4(a)-4(d) . At 400 K, since shortwavelength phonons (λ ≲ 30 Å) rarely interact with the membrane boundary and long-wavelength phonons (λ ≳ 30 Å) undergo predominantly specular reflections, the observed thermal conductivity is close to the specular limit. On the other hand, at temperatures below 100 K, the sensitivity increases for short-wavelength phonons (λ ≲ 30 Å), which undergo partially specular reflections. Thus, the measured thermal conductivity is between the specular and diffuse limits. In fact, at 80 K, we observe a transition from partially specular reflections at grating periods longer than approximately 20 μm towards mostly diffuse reflections at short grating periods (≲20 μm) in Fig. 4(a) , due to quasiballistic suppression of even mid-to-short-wavelength (≲50 Å) phonons at short grating periods.
V. DISCUSSION
We obtain quantitative evidence that thermal phonons specularly reflect from the boundaries of Si membranes even around room temperature. Reaching this conclusion does not require any knowledge of the surface roughness of the membrane in our work. However, interpreting our results in the context of prior models for phonon reflections requires knowledge of the roughness, and we now seek to link our observations to the surface morphology of the membrane.
The most frequently used model to describe the specularity of phonon reflections is Ziman's model [13] , and prior works draw conflicting conclusions on its validity for sub-THz phonons. For instance, Hertzberg et al. [24] report that sub-THz acoustic phonons reflect more diffusely than predicted by Ziman's model using the surface roughness of their samples obtained from atomic force microscopy (AFM), while Gelda et al. [22] report specular sub-THz phonon reflection consistent with Ziman's prediction with surface roughness obtained from transmission electron microscopy (TEM) characterization. Measurements for thermal phonons with frequencies around 10 THz have not been reported previously.
In this work, we perform both AFM and TEM characterization of the membranes. For membrane M1, crosssectional TEM imaging [ Fig. 5(a) ] yields a roughness of around 2.5 AE 0.5 Å corresponding to single atomic steps at the crystalline silicon-amorphous native-oxide surface, while AFM, which probes the free surface of the nativeoxide layer rather than the crystalline silicon-amorphous native-oxide interface, yields a roughness of 8 AE 2 Å [ Fig. 5(b) ]. These two limits for the roughness provide a large variation in the specularity parameter predicted by Ziman's theory: For a 50 Å wavelength phonon, approximately 10 Å rms roughness results in completely diffuse reflection, while approximately 2 Å rms roughness predicts a specularity of 0.8. Thus, a comparison with Ziman's theory for the entire thermal phonon spectrum probed is not so straightforward, since some phonons with wavelengths comparable to the atomic spacing likely reflect from the crystalline silicon-amorphous native-oxide interface, while longer-wavelength phonons may reflect from the free boundary with a different roughness than the crystalline silicon-amorphous native-oxide interface. We therefore cannot draw any conclusions about the validity of Ziman's model from our data. However, we can gain insight into which interface phonons reflect from and how these reflections are influenced by surface roughness. If some fraction of thermal phonons reflect from the crystalline silicon-native-oxide interface, then a membrane with similar roughness at both the crystalline silicon-native-oxide and native-oxide-vacuum interfaces of around 10 Å would be expected to exhibit thermal conductivity closer to the diffuse limit than M1, since both interfaces would act as diffuse phonon reflectors. If all phonons reflect from the free nativeoxide boundary with the same roughness as M1, the extracted specularity parameter of the second membrane should be unchanged compared to that of M1.
We identified a membrane (M2) with a nominal thickness of 515 nm with rms roughness at the crystalline silicon-native-oxide interface as 7 AE 0. The solid (dashed) black curve represents the specular (diffuse) scattering limit, and the gray region is calculated using the measured specularity profile in Fig. 4(e) . Partially specular reflections as in Fig. 4(e) enhance the thermal conductivity of M1 by 40%-500% at 80 K and 15%-50% at 350 K compared to the diffuse limit. Since M2 is thinner, a specularity profile as in Fig. 4 (e) could enhance the thermal conductivity by 100%-600% at 80 K and 20%-60% at 350 K compared to the observed diffuse limit.
the thermal phonons with a frequency of around a few terahertz are reflected from the crystalline siliconnative-oxide interface and that they are sensitive to Angstrom-scale changes in the surface roughness (see Supplemental Material, Sec. II [49] , for thermalconductivity measurements and the specularity parameter for a third membrane M3).
The significance of observing partially specular thermal phonon reflections at atomically smooth surfaces of sample M1 rather than fully diffuse reflections as in sample M2 is elucidated in Fig. 7 . Here, the thermal-conductivity accumulations versus the phonon wavelength are presented for the extracted specularity parameter of sample M1 and for the diffuse limit observed in sample M2, calculated ab initio. Notice that the specular limit is independent of the film thickness at a given temperature, while the diffuse limit is lower for thinner films. Partially specular reflections of long-wavelength thermal phonons (λ ≳ 30 Å) as in Fig. 4 (e) increase the total accumulated thermal conductivity of micron-thick films by at least 40% and as much as 500% from the diffuse limit at 80 K, as shown in Fig. 7(a) . The enhancement is weaker at higher temperatures [at least 15% at 350 K, as shown in Fig. 7(b) ], where phonons with wavelengths less than approximately 50 Å have shorter MFPs than the film thickness and are unaffected by surface reflections, as shown by the overlapping specular and diffuse limits up to approximately 50 Å in Figs. 7(b) and 7(d). Furthermore, the influence of partially diffuse surface reflections of phonons on thermal conductivity is larger in thinner films [Figs. 7(c) and 7(d)], resulting in a lower total accumulated thermal conductivity than the thicker films. Thus, our approach enables the determination of precisely which phonons likely undergo specular reflections and what is the resulting impact on the thermal conductivity, which is not possible using available data in the literature [25] [26] [27] [30] [31] [32] [33] [34] [35] [36] (see Supplemental Material, Sec. IV [49] , for details).
These observations also have important implications for recent efforts to create novel materials by interfering thermal phonons [9] [10] [11] , as specular reflection is a necessary requirement for coherent interference. Our results suggest that, although lithographically etched surfaces are unlikely to be sufficiently smooth for specular reflections at room temperature, the required conditions can indeed be met with epitaxially grown films with atomically smooth surfaces, providing a route forward for coherent manipulation of heat.
VI. SUMMARY
In summary, we have reported the measurements of the specularity parameter as a spectral function of the phonon wavelength in atomically rough silicon membranes using optical TG experiments and ab initio analysis of the experimental data. Our measurements show that thermal phonons can specularly reflect from high-quality wafer surfaces even around room temperature and that these reflections are sensitive to imperfections on the order of a few atomic planes. Additionally, our work demonstrates a general approach to probe the microscopic processes governing thermal phonon-boundary interactions by interpreting experimental observables using the Boltzmann transport equation with ab initio phonon properties as input.
